We present high-precision multi-band photometry for the globular cluster (GC) M 2. We combine the analysis of the photometric data obtained from the Hubble Space Telescope UV Legacy Survey of Galactic GCs GO-13297, with chemical abundances by Yong et al. (2014) , and compare the photometry with models in order to analyze the multiple stellar sequences we identified in the color-magnitude diagram (CMD). We find three main stellar components, composed of metal-poor, metal-intermediate, and metal-rich stars (hereafter referred to as population A, B, and C, respectively). The components A and B include stars with different s-process element abundances. They host six sub-populations with different light-element abundances, and exhibit an internal variation in helium up to ∆Y∼0.07 dex. In contrast with M 22, another cluster characterized by the presence of populations with different metallicities, M 2 contains a third stellar component, C, which shows neither evidence for sub-populations nor an internal spread in light-elements. Population C does not exhibit the typical photometric signatures that are associated with abundance variations of light elements produced by hydrogen burning at hot temperatures. We compare M 2 with other GCs with intrinsic heavyelement variations and conclude that M 2 resembles M 22, but it includes an additional stellar component that makes it more similar to the central region of the Sagittarius galaxy, which hosts a GC (M54) and the nucleus of the Sagittarius galaxy itself.
INTRODUCTION
The Hubble Space Telescope (HST) "Legacy Survey of Galactic Globular Clusters: Shedding UV Light on Their Populations and Formation" is designed to image 47 Galactic Globular Clusters (GCs) through the filters F275W, F336W and F438W of the ultraviolet and visual channel (UVIS) of the Wide Field Camera 3 (WFC3) on board of HST (GO-13297, PI. G. Piotto, see Piotto et al. 2014 -paper I hereafter -for details). GO-13297 will complement the F606W and F814W database from the Advanced Camera for Survey (ACS) GC Treasury program (GO-10775, PI. A. Sarajedini, see Sarajedini et al. 2007 ) to provide homogeneous and accurate photometry of GCs in five bands, from ∼275 to ∼814 nm. The main goal of this project is to detect and characterize multiple stellar populations in GCs. Indeed, these five filters have shown a high sensitivity to abundance variations including lightelement and helium (see Milone et al. 2012a, 2013 and Paper I for details) .
In the present paper we focus on NGC 7089 (M 2), which is one of the few GCs that exhibits a split sub giant branch (SGB) in the visual color-magnitude diagram (CMD, see the m F606W vs. m F606W − m F814W CMD in Piotto et al. 2012) . The U vs. U − V CMD of M 2 shows a poorly-populated red-giant branch (RGB) on the redward side of the main RGB (Grundahl et al. 1999; Lardo et al. 2012) . Spectroscopy has revealed that stars in the two RGBs have different abundances in terms of their overall metallicity (Yong et al. 2014, hereafter Y14) and in terms of their s-process elements, with the red-RGB being also s-rich (Lardo et al. 2013; Y14) . More specifically, Y14 have shown that the metallicity distribution of M 2 stars has three peaks, around [Fe/H]∼ −1.7, −1.5, and −1.0. Therefore M 2 also is one of the very few Galactic GCs with a large intrinsic difference in iron abundance (∆[Fe/H] 0.1 dex), where Supernovae (SNe) have likely played a major role in the internal chemical-enrichment history.
1 The other presently known members of this short list are: ω Centauri, M 22, Terzan 5, M 54, and NGC 5824 (e.g. Norris & Da Costa 1995; Johnson & Pilachowski 2010; Marino et al. 2009 Marino et al. , 2011a Da Costa et al. 2009 Ferraro et al. 2009; Carretta et al. 2010a,b) . NGC 1851 is an intriguing candidate as it exhibits two main stellar populations with distinct s-element abundance and a difference in [Fe/H] of ∼0.05 dex (Yong et al. 2008; Carretta et al. 2010c; Gratton et al. 2012; Marino et al. 2014) . Following Marino et al. (2012) , we will refer to these non-mono-metallicity GCs as 'anomalous'. This paper describes the stellar-population properties of one of these anomalous GCs: M 2. We combine high-precision multi-wavelength photometry from GO-13297 and GO-10775 with information from highresolution spectroscopy to investigate multiple stellar populations in M 2 and understand their formation and evolution. The paper is organized as follows: in Sect. 2 we describe the data and the reduction procedures. The m F275W vs. m F275W − m F814W CMD of M 2 is discussed in Sect. 3, while in Sect. 4 and Sect. 5 we identify the stellar populations along the RGB and the MS, respectively, and infer their abundance of iron and light elements. We estimate the age and the helium content of multiple stellar populations in Sect. 6 and compare M 2 with other anomalous GCs in Sect. 7. Summary and conclusions are given in Sect. 8.
DATA AND DATA ANALYSIS
In order to investigate multiple stellar populations in M 2 we have used images taken with ACS/WFC and WFC3/UVIS on board the HST. The ACS/WFC dataset consists of 5×340s long exposures in F606W and F814W plus one 20s short exposure taken through each of the same filters. These images were taken on April, 16, 2006 as part of the ACS HST Treasury Survey of GCs (GO 10775, PI. A. Sarajedini). The astro-photometric catalog of stars in the ACS/WFC field used in this paper has been published by Anderson et al. (2008) .
The WFC3/UVIS dataset includes 6× ∼700s exposures in F275W, 6× ∼300s in F336W, and 3× ∼60s in F438W. These images were taken on August, 14, August, 29, and October, 18, 2013 as part of GO-13297. These data were corrected for charge transfer deficiencies by using an algorithm that was developed specifically for UVIS and is based on the method and the software of Anderson & Bedin (2010) . The reduction has been performed with img2xym WFC3, software developed by Bellini et al. (2010) mostly based on img2xym WFI . Photometry and astrometry have been independently carried out for each exposure by using a set of spatially-variable empirical PSFs. We have corrected the stellar positions for geometrical-distortion by using the solution from Bellini et al. (2009 Bellini et al. ( , 2011 and have calibrated the photometry into the VEGA-mag flight system as in . Stellar proper motions have been obtained as in Anderson & King (2003) by comparing the average stellar positions measured from GO-10775 and from GO-13297 data. Our data cover a temporal baseline of 7.5 yr. Since the cluster has been centered in both the ACS/WFC and WFC3/UVIS fields of view, five-band photometry and proper motions are available for stars in a ∼2.7×2.7 arcmin region around the center of M 2.
As the photometric separation among sequences populated by different stellar populations is typically small, the study of multiple populations along the CMD of any GC requires very accurate photometry. Because of this, we have selected the best-measured stars in our sample, by following the same selection criteria as described in Milone et al. (2009) , which are based on several diagnostics, including the amount of scattered light from neighboring stars, PSFfit residuals, and rms scatter in position measurements. Photometry has been corrected for differential reddening by using the method explained in detail in Milone et al. (2012a) . Briefly, we identified for each star the 55 nearest well-measured main-sequence (MS) stars and determined the color distance from the MS ridge line along the reddening direction. The median color distance of the 55 neighbors has been assumed as the best estimate of differential reddening for each target star, and has been applied as a correction to its color. The reddening in the direction of NGC 7089 is E(B−V)∼0.06 mag, (Harris 1996 (Harris updated as in 2010 , see also Sect. 6). We have found that reddening variations in the analyzed field of view are, on average, ∆E(B−V)∼0.007 mag and never exceed 0.021 mag.
THE F275W VS. F275W−F814W CMD
The left panel of Fig. 1 shows the complete m F275W vs. m F275W − m F814W CMD of M 2 members (black dots), and field stars (gray crosses), selected on the basis of their proper motions. The vectorpoint diagram (VPD) of proper motions in WFC3/UVIS pixel units per year is plotted in the inset and includes all the stars plotted in the CMD. Since we have used M 2 members as reference stars to calculate proper motions, the bulk of stars around the origin of the VPD is mostly made of clusters members while field stars have larger proper motions. We have thus drawn a red circle to separate the probable cluster members from field stars. In this paper we analyze cluster members only. To identify them, we have chosen a radius of 0.03 pixel/yr that corresponds to five times the average proper-motion dispersion along the X and Y direction for the bulk of stars around the origin of the VPD. There are 47 candidate-field stars with proper motions larger than 0.03 pixel/yr. This sample likely includes also cluster stars with large proper motions indeed, from the Galactic model by Girardi et al. (2005) we expect less than 20 field stars in a 2.7×2.7 arcmin region in the direction of M 2.
The CMD of Fig. 1 reveals that M 2 hosts a complex multiplesequence pattern, with a multiplicity of RGBs and SGBs and a mul-timodal horizontal branch (HB). The most surprising feature is a poorly-populated sequence, which runs on the red side of the majority of the stars in M 2 and can be followed continuously from the lower part of the MS to the SGB, up to the RGB tip. The wide separation from the bulk of M 2 stars is an unusual feature, as multiple MSs and RGBs in 'normal' GCs usually merge around the SGB. Furthermore, in GCs, the color separation between multiple MSs typically increases when moving from the MS turn off towards fainter magnitudes, in contrast with what is observed for the tiny reddest MS in M 2.
An additional, sparsely-populated, SGB is clearly visible, between the main SGB and the faintest SGB. The three SGBs are more clearly seen in the upper-right panel of Fig. 1 , which is a zoom of the left-panel CMD around the SGB.
In order to explore the origin of the multiple sequences observed on the m F275W vs. m F275W − m F814W CMD we took advantage of the high-resolution spectroscopic data recently published by Y14. This study shows that red giants in M 2 exhibit a multimodal abundance distribution for iron and for those neutroncapture elements that are associated with s-processes in solar system material. Specifically there is a large metallicity variation, with three groups of metal poor ( 
MULTIPLE POPULATIONS ALONG THE RGB
A number of recent studies (see Paper I and references therein) have shown that the RGB, SGB, and the MS of GCs can often be separated into distinct sequences of stars, and that appropriate combinations of F275W, F336W, F438W, and F814W magnitudes are powerful tools for identifying these multiple populations.
The efficiency of these filters in separating different stellar populations is closely connected to the chemical properties of GC sub-populations. The fact that the F275W filter includes the OH molecular band, F336W the NH band, and F438W the CH and CN bands make them very sensitive to the effect of molecular bands in the stellar atmosphere, hence on the degree of CNO processing of the various sub-populations. First-generation stars are enhanced in carbon and oxygen, have low nitrogen content, and are relatively faint in F275W and F438W, and bright in F336W. Conversely, second-generation stars, which are carbon/oxygen poor and nitrogen rich, are relatively bright in F275W and F438W and faint in F336W. The result is that first-generation stars have bluer m F336W − m F438W colors than second-generation stars at the same luminosity (Marino et al. 2008; Bellini et al. 2010; Sbordone et al. 2011; Milone et al. 2012b) , while, for the same stars, the m F275W − m F336W color order is reversed. As a consequence, the Multiple populations are also characterized by different helium content. Typically, second-generation stars are enhanced in helium and are hotter than first-generation stars at the same luminosity. The m F275W − m F814W color is quite sensitive to the oxygen abundance of the stellar populations through the OH molecule. In addition, the wide color baseline provided by F275W and F814W is very sensitive to the effective temperatures of stars, thus providing a valuable tool to identify stellar populations with different helium content or metallicity (see Milone et al. 2012b for details).
To further investigate stellar populations along the RGB of M 2 we combined information from three distinct diagrams:
We show these three CMDs in the panels a 1 , b 1 , and c 1 of Fig. 3 , respectively. In the rest of this Section, we have excluded AGB and HB stars, and restricted our analysis to RGB stars with 12.1< m F814W <17.6. We started by deriving by hand the blue and the red fiducial lines that are shown in panels a 1 , b 1 , and c 1 of Fig. 3 and mark the blue and the red envelope of the main RGB. The fiducials are then used to rectify the RGB in such a way that the blue and the red fiducials translate into vertical lines with abscissa equal to −1 and 0, respectively. The abscissa in panels a 2 , b 2 , and c 2 of Fig values, marked with red triangles and named population B. These colors and symbols are used consistently in the other panels of this figure.
Because of their colors, stars on RGB-C correspond to the reddest RGB discussed in Sect. 3 and include the only metal-rich spectroscopic targets for which F275W, F336W, F438W, and F814W photometry is available.
RGB-B has bluer m F275W − m F814W and m F336W − m F438W colors with respect than the RGB-C, but it is redder than the RGB-A. vs. ∆ N F275W,F814W diagram, respectively. This fact confirms that these star groups represent different stellar sub-populations that have different sodium abundance. Lardo et al. (2012) have performed a CN-and CH-index study of 38 red giants of M 2 and have identified two groups of CNstrong (CH-weak) and CN-weak (CH-strong) stars. Furthermore, they have determined the abundance of carbon and nitrogen in 35 stars and found significant star-to-star variations of both elements at all the luminosities that form an extended C-N anticorrelation. HST photometry is available for only one star (#6609) analyzed by Lardo and collaborators. It is CN weak (Lardo et al. 2012) , belongs to population A, and has been represented with a black large asterisk in Fig. 3 . Unfortunately, Lardo et al. (2012) have not inferred C and N abundances for this star because of the low signal-to-noise ratio of their spectra.
From the number of stars in the different groups of panel d of (Lardo et al. 2012) and belongs to population A II . The fact that populations A II and A III host the Na-poor and the Na-intermediate stars, respectively, suggests that these two stellar populations host stars with different light-element abundances. The most Na-rich star of Y14 is not clearly associated to any bump of stars, although it is possible that it might be related to population A IV , at least for the ∆ diagrams may be intrinsic, but we cannot exclude the possibility that it is due to photometric errors.
MULTIPLE POPULATIONS ALONG THE MS
In section 3 we have shown that M 2 includes a poorly-populated sequence of stars that is associated with population C (hereafter MS-C) and is clearly visible in the CMD of Fig. 1 on the values and are the progenitors of group A III in the RGB (Fig. 4) . The present data set does not allow us to identify the progenitors of RGB-A I along the MS. confused along MS-A. This is both due to the photometric errors and to a temperature difference, as the MS stars are hotter than the RGB. As a consequence, light-element variations have a lower influence on the photometric passbands used in our study, due to the diminished strengths of the OH, CH and CN molecular bands (see Sbordone et al. 2011; Cassisi et al. 2013 ).
AGE AND HELIUM CONTENT OF THE STELLAR POPULATIONS
Y14 have determined abundances for 34 elements for 16 M 2 red giants, thus providing an accurate chemical pattern of the multiple stellar populations of M 2. In the following, we will use their measurements to constrain age and helium-abundance differences among stars in M 2. The left panel of Fig. 6 shows the m F814W vs. In order to measure the age and helium content, we have used the photometry from the F606W and F814W bands, as it is not significantly affected by the light-element abundance variations (Sbordone et al. 2011; Milone et al. 2012b) . A set of isochrones from Dotter et al. (2007) To do this, we compared the CMD with a grid of isochrones with the same composition but different age, distance modulus, and reddening. The best fit corresponds to an apparent distance modu- lus (m − M) V = 15.55, age 13.0±0.75 Gyr, and E(B−V)=0.07, in agreement with values from the Harris (1996 Harris ( , 2010 catalog. Reddening has been converted into absorption in the ACS/WFC F606W and F814W band as in Bedin et al. (2005) . We assumed the same values of reddening and distance modulus for the other isochrones of Fig. 6 . The best-fit age was estimated as in Dotter et al. (2010) by determining the isochrone that best fit the CMD in the region between the MS turn off and the SGB. The corresponding uncertainty was inferred from the intrinsic magnitude and color spread of the MS turn off and the SGB stars and we considered as 1σ-uncertainty the range of age that envelope the bulk of these stars (see Dotter et al. 2010 for details).
The aqua and the yellow isochrones both have age 12.0 Gyr, primordial helium, and the same iron abundance as measured by Y14 ([Fe/H]=−1.0) for population C, but different α-element content. The aqua isochrone corresponds to [α/Fe]=0.2, consistent with spectroscopic measurements by Y14, and provides the best fit to population C. The best-fit age has been inferred as described above for population A II and its uncertainty corresponds to 0.75 Gyr.
As a consequence, populations A and C are consistent with being coeval within ∼1 Gyr and with having almost primordial helium content. For completeness, we also plot a metal-rich and helium-rich isochrone (Y=0.33, blue line). This isochrone crosses the metal-poor one at m F814W ∼18.8, and gets bluer than it towards fainter magnitudes. The fact that population-C stars have redder m F606W − m F814W colors than the bulk of M 2 stars at the same luminosity further supports our conclusion that the population C is not consistent with being significantly helium enhanced.
In the upper-right panel of Fig. 6 green and cyan color codes mark the two stellar groups A II and A IV of MS stars that we identified in Fig. 5 . The corresponding fiducial lines have been represented with the same colors. It is clear that MS-A II stars are redder than stars in the MS-A IV .
In the lower-right panel, we have superimposed onto the fidu- cial lines defined in the upper-right panel the metal-poor isochrones from the left panel, using the same distance modulus and reddening. Population A II is well fitted by an isochrone with primordial helium (Y=0.246, black continuous isochrone), [Fe/H]=−1.7, and [α/Fe]=0.4. Population A IV is reproduced by an isochrone corresponding to a stellar population with the same age, and the same content of iron and α-elements as A IV , but with enhanced helium (Y=0.315, black dashed line). We obtain the same result when we adopt BaSTI isochrones (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 . The age and helium content of stellar populations inferred from isochrone fitting are summarized in Table 1 together with the values of metallicity, [α/Fe] and [Na/Fe] used in this paper, and with the fraction of stars within each sub-population.
COMPARISON WITH OTHER CLUSTERS
In order to better understand the properties of the seven sequences photometrically identified in M 2, in this Section we will combine the available spectroscopic information with photometric results.
In Fig 7 we summarize what we currently know about clusters that show an intrinsic variation in iron content. Figure 7 shows the abundance of sodium, aluminum, and barium vs. iron content for five GCs: M 2 (Y14), M 22 (Marino et al. 2011a) , M 54 including the Sagittarius (Sgr) dwarf galaxy nucleus (Carretta et al. 2010a) , ω Cen (Marino et al. 2011b ) and Terzan 5 (Origlia et al. 2011) . We have represented with red triangles stars of M 22 and M 2 that are enhanced in s-processes elements. Stars in the Sgr dwarf galaxy, in the population C of M 2, and metal-rich stars of Terzan 5 are plotted with aqua star symbols, while blue diamonds represent stars in the most-metal-rich RGB of ω Cen. (Pancino et al. 2002) , they are significantly more metal-rich than the red MS. Therefore the blue colors of MSa would imply that its stars are enriched in helium, as suggested by Norris (2004) .
M 2 is similar to ω Cen in having stellar populations that are highly enhanced in iron relative to the others, but there are two important differences: (1) in ω Cen, the stars of the most metalrich population are strongly enhanced in sodium, aluminum and s-process elements (Norris & Da Costa 1995; Johnson & Pilachowski 2010; Marino et al. 2011b , D'Antona et al. 2011 ), in contrast with the population C of M 2, where the content of Na, Al, Y, and Zr are comparable with those of first-generation, normalpopulation stars (Y14, see also Fig. 6) . (2) The population C of M 2 is not consistent with a high helium abundance. We conclude that ω Cen and M 2 have certainly experienced a different chemicalenrichment history.
• M 54 is another massive GC with star-to-star variations in metallicity (Sarajedini & Layden 1995; Bellazzini et al. 2008; Carretta et al. 2010a,b) . It lies in the nuclear region of the Sgr dwarf galaxy, although it is not clear whether it formed in situ or was pushed into the center by dynamical friction. Carretta et al. (2010a,b) have derived chemical abundances for Fe, Na, and α elements for 103 red giants in the Sgr nucleus (Sgr-N). They used both radial velocities and photometry to identify 76 M 54 members and 27 Sgr stars. Carretta and collaborators showed that M 54 stars span a wide range in metallicity, with [Fe/H] ranging from ∼ −1.9 dex up to −1.2 dex (σ ∼0.2 dex), while Sgr stars are distributed towards higher iron content. In the left panels of Fig. 6 we plotted [Na/Fe] vs. [Fe/H] for RGB stars in M 54 (black circles) and Sgr (aqua stars) from Carretta et al. (2010b) . Stars in M 54 exhibit a large star-to star variation in [Na/Fe], and, on average, high [Na/Fe]. By contrast, Sgr-N stars exhibit a low sodium abundance (see Fig. 7 ) .
The stellar system including M 54 and the Sgr-N shares some similarities with M 2. M 54 seems to include populations similar to M 2's A and B, while the Sgr-N star chemistry is similar to the abundance pattern of M 2 population C. Unlike the case of ω Cen, however, where most of the metal-rich stars are strongly enhanced in sodium, both the Sgr-N stars and population C of M 2 exhibit low [Na/Fe]. In addition, population C of M 2 is depleted in [α/Fe] by ∼0.2 dex, with respect to population A (Y14). This is similar to what observed in the Sagittarius dwarf galaxy, where the Sgr-N stars have a lower abundance of α-elements than M 54 stars.
• Terzan 5 also exhibits a very peculiar chemical composition with two main groups of stars with [Fe/H]∼ −0.25 and [Fe/H]∼ +0.30 (Ferraro et al. 2009; Origlia et al. 2011) . The group of metalrich stars has a lower α-element abundance with respect to the more metal-poor population, thus suggesting that Type Ia SNe may have played a role in the star-formation history of this cluster. Noticeably, at odds with the populations A and B of M 2, there is no evidence for light-element variations among neither the metal-rich nor the metal-poor stars of Terzan 5. To further investigate similarities between M 2 and Terzan 5, we show in the lower-right panels of Fig.7 [Al/Fe] vs. [Fe/H] . We note that all the metal-rich stars of both M 2 and Terzan 5 have almost-solar aluminum ([Al/Fe]∼0.1-0.2), while the metal-poor populations of both clusters host stars with higher aluminum content. A similar pattern has been observed for M 54 and the Sgr-N with the latter having, on average, lower aluminum content.
SUMMARY AND CONCLUSIONS
We have exploited multi-wavelength photometry from the HST UV Legacy Survey GO-13297 to investigate the stellar populations of the GC M 2. We have identified three main components, which we named A, B, and C. Within these three main components, we identified seven stellar sub-populations.
The main component, A, which includes sub-populations A I , A II , A III , and A IV , hosts the metal-poor stars identified by Y14. It exhibits an intrinsic spread in helium, with Y ranging from primordial values (Y∼0.25) up to Y∼0.31 and includes∼96% of stars. Noticeably, the three stars with different sodium abundance identified by Y14 are located on the different sequences, with heliumrich stars also having higher [Na/Fe] . Therefore the component A is similar to the multiple stellar populations we have identified in the majority of GCs. These multiple sequences host stars with the same heavy element abundance, have almost-homogeneous content of s-elements, and exhibit star-to-star variations in helium and light elements as expected for material which has been gone through hydrogen burning at high temperatures (CNO cycle).
Component B has intermediate metallicity and includes ∼3%of stars, is enhanced in neutron-capture elements which are usually associated with s-processes in solar-system material, and includes two sub-populations, namely B I , B II , with a different lightelement abundance. It could be the analogous of the s-rich and iron-rich stellar population of M 22, and shares similarities with the iron-rich stellar populations of ω Cen and M 54.
Component C includes ∼1% of stars, is highly enhanced in iron ([Fe/H]∼ −1.0), and exhibits a lower [α/Fe] and [Al/Fe] ratio than populations A and B. Its stars are s-poor and are not enhanced in helium. Such properties are not compatible with self-enrichment due to either AGB or fast rotating massive stars and are not consistent with the early-disc accretion scenario.
The combination of the photometric and spectroscopic studies of M 2 presented in this paper and in Y14 suggest that M 2 is composed by at least two distinct entities. The main one, containing most of the stars in M 2, includes populations A and B and can be further separated into six distinct sub-populations. The minor component (population C), which makes up ∼1% of the cluster stars and apparently has not produced any secondary subpopulations, is populated by stars rich in metals and with s-process elements in nearly solar proportion. Due to the chemical properties of population-C stars, one possibility is that population-C stars formed from material that made the first A sub-population but having been slightly contaminated by supernovae of either type.
In any event, the component A+B and the component C of M 2 must have experienced independent star-formation histories, and as an alternative M 2 may be final result of the merger of two stellar systems. The fact that M 2 shares many similarities with the stellar system composed by M 54 and the nucleus of the Sagittarius dwarf galaxy, makes it very tempting to speculate that it could be the remnant of a much larger stellar system which merged with the Milky Way in the past.
